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Abstract From the perspective that c(2595) and
c(2625) are dynamically generated resonances from the
DN , D∗N interaction and coupled channels, we have
evaluated the rates for b → π−c(2595) and b →
π−c(2625) up to a global unknown factor that allows us
to calculate the ratio of rates and compare with experiment,
where good agreement is found. Similarly, we can also make
predictions for the ratio of rates of the, yet unknown, decays
of b → D−s c(2595) and b → D−s c(2625) and make
estimates for their individual branching fractions.
1 Introduction
The weak decay of B and D mesons, as well as that of b,c
baryons, has brought an unexpected source of information on
the nature of many hadrons which are produced in the final
states (see recent reviews in Ref. [1]), adding new elements
into the debate on the structure of hadrons [2,3]. The reac-
tions that triggered these studies were B0 → J/ψπ+π− and
B0s → J/ψπ+π− observed in LHCb [4]. In the first reaction
π+π− gave rise to f0(500) and there was only a very weak
signal of f0(980), while in the second reaction the f0(980)
excitation was very pronounced and there was no signal of
f0(500). These results were soon interpreted within the con-
text of the chiral unitary approach in Ref. [5], where f0(500)
and f0(980) appear as a consequence of the pseudoscalar
meson–pseudoscalar meson interaction in coupled channels
[6], using dynamics from the chiral Lagrangians [7]. The
same idea, with a different formalism, has been applied later
with the same conclusions [8,9].
b decays followed in this line, and in Ref. [10] b →
J/ψ(1405) decay was studied, making predictions for π
a e-mail: liangwh@gxnu.edu.cn
and K¯ N invariant mass distributions. The predictions for the
s-wave K− p mass distribution, associated to (1405), were
corroborated in the posterior experimental study of this reac-
tion by the LHCb collaboration, in the experiment where two
pentaquark signals were found [11]. Related work followed
in Ref. [12] in the weak decay of c into π+ and a pair of
meson-baryon states, MB, which gives rise to (1405) and
(1670). Similarly, in Ref. [13] the b → J/ψK reaction
was studied, which sheds light on the pseudoscalar-baryon
interaction at energies above the (1405) region. More
recently the c → π+MB reaction has also been shown
to be a good tool to investigate the (1620) and (1690)
resonances [14]. Related reactions aimed at the production
of pentaquark states have been reviewed in Refs. [15–17].
In the present work we study the b → π−c(2595),
π−c(2625),b → D−s c(2595) andb → D−s c(2625)
reactions and make predictions for the ratios of the branch-
ing fractions for the first two and last two reactions. Also,
using the experimental values of the branching ratios for the
first two decay modes, we make predictions for the branching
fractions of the last two reactions. The starting point of our
study is the assumption that the c(2595) and c(2625)
states are dynamically generated from the pseudoscalar-
baryon and vector-baryon interaction, and particularly from
the DN and D∗N channels. The c(2595) (J P = 1/2−) has
much resemblance to the (1405), and can be thought of as
being obtained by substituting the strange quark by a c quark.
The history of the (1405) is long (see review in the PDG
[18]). It appears dynamically generated from the interaction
of K¯ N , π and other coupled channels, and there are two
states in the vicinity of the nominal mass [19,20].
Within the picture of dynamically generated resonances,
the c(2595) was obtained in Ref. [21] from the interaction
of pseudoscalar-baryon channels, DN and πc, essentially.
The formalism was simplified and improved in Ref. [22]. A
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step forward was given in Ref. [23], where vector-baryon
states, in particular D∗N , were added as coupled chan-
nels. An SU(8) spin-flavour symmetry scheme was used and
c(2595) was obtained with a large coupling to D∗N . Fur-
ther steps were given in Ref. [24], where once again the SU(8)
scheme was used, with some symmetry breaking to match an
extension of the Weinberg–Tomozawa interaction in SU(3).
Among other resonances, the c(2595) (J P = 1/2−) and
the c(2625) (J P = 3/2−) were obtained.
Further work to include the vector-baryon states was done
in Ref. [25], where following the work of Ref. [26] in the light
sector, a microscopic picture for DN , D∗N transition based
on pion exchange was used. The state c(2595) was obtained
in s-wave, coupling both to DN and D∗N , and the c(2625),
with J P = 3/2−, was obtained from D∗N and other coupled
channels of vector-baryon type, with the largest coupling to
D∗N .
In the present work we shall be able to show that both
the DN and the D∗N components are relevant in the b →
π−c(2595) and also that we can relate this reaction to the
b → π−c(2625). We shall also see that the rates obtained
are very sensitive to the relative sign of the coupling of this
resonance to DN and D∗N , and how the proper sign gives
rise to results compatible with experiments. In addition, the
formalism developed here allows one to obtain the branching
ratios for b → D−s c(2595) and b → D−s c(2625)
from those of b → π−c(2595) and b → π−c(2625),
respectively.
2 Formalism
The basic diagram for b → π−c(2595) decay is shown
in Fig. 1.
The weak transition occurs on the b quark, which turns
into a c quark, and a π− is produced through the mechanism
of external emission [27]. Since we will have a 1/2− or 3/2−
state at the end, and the u, d quarks are spectators, the final
c quark must carry negative parity and hence must be in











Fig. 1 Basic diagram for b → π−c(2595). The u and d quarks are











u¯u + d¯d + s¯s
Fig. 2 Hadronization creating q¯q pairs
meson-baryon interaction in our picture, we must hadronize
the final state including a q¯q pair with the quantum numbers
of the vacuum. This is done following the work of Ref. [10].
We include u¯u + d¯d + s¯s as in Fig. 2.
The c quark must be involved in the hadronization,
because it is originally in an L = 1 state, but after the
hadronization produces the DN state, the c quark in the D
meson is in an L = 0 state.
The original state is
|b〉 = 1√
2
|b(ud − du)〉, (1)
and after the weak process it becomes
|H〉 = 1√
2
|c(ud − du)〉. (2)
The hadronization converts this state into |H ′〉,
|H ′〉 = 1√
2
|c(u¯u + d¯d + s¯s)(ud − du)〉, (3)
which can be written as




|P4i qi (ud − du)〉, (4)
where P4i is the 4i matrix element of the qq¯ matrix in SU(4),
P ≡ (qq¯) =
⎛
⎜⎜⎝
uu¯ ud¯ us¯ uc¯
du¯ dd¯ ds¯ dc¯
su¯ sd¯ ss¯ sc¯
cu¯ cd¯ cs¯ cc¯
⎞
⎟⎟⎠ . (5)
The matrix can be written in terms of the physical mesons,
pseudoscalar at the moment, and given in Ref. [28]
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We can see that we have the three quarks in a mixed anti-









|(usd − dsu) + (dus − uds) + 2(sud − sdu)〉.
We finally see that the hadronization has given rise to
|H ′〉 =
∣∣∣∣D






 √2|DN , I = 0〉, (8)
where we neglect D+s , which has a much higher mass
than DN and does not play a role in the generation of the
c(2595). The isospin I = 0 in Eq. (8) comes from the
implicit phase convention in our approach, with the doublets
(D+, −D0) and (D¯0, D−).
The production of the resonance is done after the produced
DN in the first step merges into the resonance, as shown in
Fig. 3.
The transition matrix for the mechanism of Fig. 3 gives us
tR = VP
√





Fig. 3 Diagram to produce c(2595) through an intermediate propa-
gation of the DN state
where VP is a factor that includes the dynamics of b →
π−DN , GDN is the loop function for the DN propagation
[25], and gR,DN is the coupling of the resonance to the DN
channel in I = 0 [25].






|tR |2 pπ− , (10)
where
∑∑
stands for the sum and average over polarization.
The arguments used above can be equally used for the
production of D∗N . The Vp factor would now be different,
but in the next section we shall show how to relate them.
3 Angular and spin matrix elements
The discussion in the former section has only payed atten-
tion to the flavour aspect of the hadronization. If we wish
to relate DN and D∗N production, we need to go in more
detail into the problem and take into account explicitly the
matrix elements involved. The first step is to consider the
spin and angular dependence of the created pair. We want it
in J = 0, positive parity and positive C parity. Since the par-
ity of the antiquark is negative, we need it in L = 1, which
also forces the spin of the pair to be S = 1, leading to the
3P0 configuration [29–31].
Since the q¯q pair has J = 0 and so has the ud spectator
pair, the total angular momentum of the final meson-baryon
state is given by the combination of the angular momentum















, M − m
〉
, (11)
where C(J1 J2 J ; m1,m2, M) [or writing equivalently as
C(J1 J2 J ; m1, M − m1)] is the Clebsch–Gordan coefficient
(CGC) combining |J1m1〉 and |J2m2〉 to get the |JM〉 state,
and Ylm is the spherical harmonic. On the other hand, the
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We are only concerned about the angular momentum count-
ing and can consider a zero range interaction, as done in a
similar problem where the angular momentum is at stake, the
pairing in nuclei [32,33]. Then we associate to the antiquark
an angular momentum |1, M3〉 ≡ Y1M3 , and thus the J = 0




C(110; M3, S3, 0)Y1M3 |1 S3〉, (13)


























The final meson-baryon state is |JM〉|00〉, given by Eqs. (11)
and (14). We can combine the two spherical harmonics (we









× C(11l; m, M3) C(11l; 000) Yl,m+M3 , (15)
where for parity reasons, only l = 0, 2 contribute, but we are
only concerned about l = 0, which is suited for pseudoscalar-
baryon final states with the s-wave that we only consider, and





Thus |JM〉 |00〉 is given, rearranging the CGC, by






























































such that j will be the spin of the pseudoscalar D meson
( j = 0) or the vector D∗ meson ( j = 1). Since the ud
quarks have s = 0, the state | 12 ,m − s〉 gives the spin of the
baryon and we can write














J ′; M − m + s,m − s
)
|J ′, M〉, (19)
where now J ′ will be the final angular momentum of the DN
system. Obviously J ′ should be equal to J , but this requires
a bit of Racah algebra to show up. The |JM〉 |00〉 state can







































J ′; M−m+s,m − s
)
× |J ′, M〉. (20)
Recombining the CGC and using their symmetry properties,























































in terms of the W Racah coefficients. The other sum over m















J ′; m, M − m
)





















C( j, J )|JM, meson-baryon〉. (24)
Evaluating the Racah coefficients with formulas of the
appendix of Ref. [34], we have the results shown in Table
1.
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Table 1 C( j, J ) coefficients in Eq. (24)
C( j, J ) J = 1/2 J = 3/2
(pseudoscalar) j = 0 14π 12 0





4 Evaluation of the weak matrix elements
Up to global factors which are the same for vector-baryon or
pseudoscalar-baryon production, the relevant elements that
we need are that W− → π− production is of the type [35,36]
LW,π ∼ Wμ∂μφ, (25)
and the bWc vertex of the type [1,27]
Lq¯Wq = q¯finWμγ μ(1 − γ5)qin. (26)
For small energies of the quarks, the relevant matrix elements
are γ 0 and γ iγ5(i = 1, 2, 3). Combining Eqs. (25) and (26),
and using the nonrelativistic reduction of γ 0, γ iγ5, the weak
external pseudoscalar meson production has the structure




q the energy and momentum of the pion and 
σ the
Pauli spin matrix acting on the quarks. Assume ϕin(r) is
the b quark radial wave function and ϕfin(r) the radial wave
function of the c quark, and take the state |JM ′〉 of Eq. (11)












r stands for the plane wave function for the out-








(−i)l ′ jl ′(qr)
∑
μ
(−1)μY ∗l ′μ(rˆ)Y ∗l ′,−μ(qˆ),
Equation (28) gives




r2dr j1(qr) ϕin(r) ϕ
∗
fin(r). (30)
One could evaluate this ME with some quark model, but
given the fact that we only want to evaluate ratios of rates,
that the momenta q involved in the different transitions are
very similar and that ϕfin(r) is the same for all of them, we
shall assume ME(q) to be the same for all these transitions.
Hence, the weak matrix element for the q0 term of Eq. (27)




































J ; M ′ − m, M
)
× Y ∗1,M ′−M (qˆ) ME(q).
In the case of J = 1/2, it is practical to write this matrix




σ is acting not within quarks but within the baryon states
b and ∗c . Using the Wigner–Eckart theorem and 
σ · 
q =∑
























; M ′ − M, M
)
× Y ∗1,M ′−m(qˆ). (31)
We have (q0 = wπ )












In the case of J = 3/2, we proceed in a similar way and
introduce the macroscopical spin transition operator 
S+ from























which, via the Wigner–Eckart theorem implies a normaliza-
tion of S+ such that 〈 32 ||S+|| 12 〉 ≡ 1. With this normalization
we have the sum rule in Cartesian coordinates [37]
∑
M ′
Si |M ′〉〈M ′|S+j =
2
3
δi j − i
3
i jkσk . (34)
Then Eq. (31) can be cast at the macroscopical level through
the substitution














We must work now with the matrix element for the 
σ · 
q
operator of Eq. (27) at the quark level. By analogy to Eq. (31),
the matrix element is now
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; M ′ − m − M, M
)
Y ∗1,M ′−m−M (qˆ)ME(q),
(36)
where in the last step we have used Eq. (31).
Next we combine






4π(2l ′ + 1)
]1/2
C(11l ′;
M ′ − m − M,m) C(11l ′; 000)Y ∗l ′,M ′−M (qˆ), (37)
which again only contribution for l ′ = 1, 2. We keep just
the term with lowest angular momentum that should give the
largest contribution, hence,















































; m, M − m
)
= iqδJ, 12 , (38)
where in the second last step we have permuted the last two
angular momenta in C(1 12 12 ; −m, M) and changed the sign
of the third components, which introduces the phase (−1)m ,
which cancels the original (−1)m phase. We thus see that this
term only contributes to J = 1/2.
The study done allows us to write the weak vertex tran-
sition in terms of the following operator at the macroscopic
level of the b and ∗c baryons:
(


















where we have removed the factor ME(q) in both terms. If we
combine this operator with the meson-baryon decomposition
of Eq. (36), we finally have a full transition t matrix, given,
up to an arbitrary common factor, by
tR =
(


























GD∗N gR,D∗N δJ, 32
. (40)
Using Eq. (34) and properties of the 
σ matrix, it is easy to
write now




































Equation (10) gives then the partial decay widths up to an
arbitrary normalization factor, the same for all the processes.
5 Results












On the other hand, the product GDN · gR,DN and GD∗N ·
gR,D∗N are tabulated in Ref. [25]. We copy these results in
Table 2.
By looking at Eq. (10), we can immediately write the ratio
of 	 for c(2595) and c(2625) production,
	[b → π−c(2595)]












where pπ1 and pπ2 are the pion momenta for the c(2595)
and c(2625) production, respectively, given by Eq. (43) and
Table 2 The values of GDN ·gR,DN and GD∗N ·gR,D∗N from Ref. [25].
The signs of GD∗N · gR,D∗N are changed with respect to Ref. [25] as
discussed in the text
GDN · gR,DN GD∗N · gR,D∗N
c(2595)(J = 12 ) 13.88 − 1.06i 26.51 + 2.1i
c(2625)(J = 32 ) 0 29.10
123




are given by Eqs. (41) and (42), respectively.
Using the numerical values of Table 2, we find
	[b → π−c(2595)]
	[b → π−c(2625)] = 0.76 . (45)
Experimentally we have [38]
BR[b → π−c(2595), c(2595) → cπ+π−]
= (3.2 ± 1.4) × 10−4, (46)
BR[b → π−c(2625), c(2625) → cπ+π−]
= (3.1 ± 1.2) × 10−4. (47)
Since the BR for ∗c → cπ+π− is 67% for both reso-
nances, the ratio of partial decay widths for the c(2595) to






= 1.03 ± 0.60. (48)
The value that we get in Eq. (45) is compatible within errors.
We should call the attention to the fact that the DN and
D∗N contributions are about the same for the c(2595) case
and sum constructively. Should the sign be opposite then
there would be a near cancellation of the rate for the case of
c(2595) and there would have been massive disagreement
with experiment. This point is worth mentioning because in
Ref. [25] the signs for the D∗N couplings are opposite to
those in Table 2. The reason for the change of sign here is
that in Ref. [25] a full box diagram with π exchange on each
side was evaluated. This provided the value of V 2eff to be used
in coupled channels of DN and D∗N and, since the sign did
not matter for the spectra discussed in Ref. [25] the positive
sign of Veff was chosen by default. The sign here is crucial
and hence, taking the negative sign for Veff , as it corresponds
to π exchange, is the correct choice. The signs then also agree
with those obtained in Ref. [24] just using symmetries.
We can now make prediction for the reactions b →
D−s c(2595) and b → D−s c(2625). The reactions are
analogous. It suffices to substitute the W−u¯d vertex in Fig. 1
by W−c¯s, which is also Cabibbo favoured and goes with
cos θC as in the π− case. Thus, the formulae for the widths
are identical changing the kinematics to account for the larger
D−s mass. Yet, given the large mass of b and the available
phase space, the momenta of the pseudoscalar mesons, and
particularly the energies are not too different from those in
the π case.
We can construct the ratio of Eq. (44) for the D−s case and
we find
	[b → D−s c(2595)]
	[b → D−s c(2625)]
= 0.54 . (49)
This is a good prediction that relies upon ME(q) being about
the same for the decay into c(2595) and c(2625).
Assuming that ME(q) is the same for b → D−s
c(2595) and b → π−c(2595), we can make another
prediction but with larger error. Actually qDs = 1630 MeV/c
and qπ = 2208 MeV/c, so ME(q) is not necessarily equal,
but we can provide some estimate of the rate assuming the
same value for ME(q). Then we have









) 	[b → π−c(2595)], (50)
	[b → D−s c(2625)]




	[b → π−c(2625)], (51)
and we obtain
BR[b → D−s c(2595)] ∼ (2.22 ± 0.97) × 10−4, (52)
BR[b → D−s c(2625)] ∼ (3.03 ± 1.70) × 10−4, (53)
where in Eqs. (52),(53) we have taken the experimental rates
for b → π−c(2595) and b → π−c(2625) with their
errors. Since the momentum of D−s is smaller than the one of
π− and ME(q) should decrease with q, we could expect the
values of Eqs. (52) and (53) to be lower limits, but given the
large errors, the order of magnitude of these numbers should
be relatively accurate.
6 Corrections from the Ds and D∗s  channels
So far we have neglected the Ds and D∗s  channels. We
estimate here the corrections from these two channels. In
Ref. [25] these channels were not included in the coupled
channels. In order to estimate their relevance we use here the
values obtained in Ref. [24]. There only the absolute values
of the couplings are quoted and the dynamics used is different
from what we use here. We obtain the missing information
from [43], which we quote in Table 3.
Furthermore, in Eq. (8) the phase of  has been taken
from Ref. [29]. The sign convention in Ref. [24], obtained
using group representations, provides the same relative sign
of  to the proton as in Ref. [29].1
It is easy to incorporate the Ds and D∗s  channels. It is
enough to change in Eqs. (41) and (42)






1 We thank J. Nieves for clarifications.
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Table 3 The values ofGDs ·gR,Ds andGD∗s  ·gR,D∗s  from Ref. [43]
GDs · gR,Ds GD∗s  · gR,D∗s 
c(2595)(J = 12 ) 2.76 − 0.068i 4.62 − 0.12i
c(2625)(J = 32 ) 0 −0.065 + 0.91i
and





GD∗s  ·gR,D∗s .
When we perform the calculations, we find a correction of
20% in the ratios of Eqs. (45) and (49). We cannot be precise
about this contribution because it has been calculated with
another model. We simply state that the correction from these
channels is moderate and we adopt the attitude of taking as
uncertainties the results obtained with or without these new
channels. Thus, our final result for those ratios would be
	[b → π−c(2595)]
	[b → π−c(2625)] = 0.76 ∼ 0.91, (54)
	[b → D−s c(2595)]
	[b → D−s c(2625)]
= 0.54 ∼ 0.65. (55)
In any case, it is interesting to see that the inclusion of the
Ds, D∗s  channels improves the agreement with experi-
ment.
7 Conclusions
We have studied b → π−c(2595) and b → π−
c(2625) from the perspective that the c(2595) and
c(2625) are dynamically generated resonances from the
interaction of DN , D∗N with coupled channels. We have
developed a formalism to relate the b → π−DN and
b → π−D∗N decays. For this purpose, we make a detailed
model of q¯q hadronization, using the 3P0 picture for the
creation of q¯q with the quantum numbers of the vacuum.
Racah algebra is used to relate these couplings and final easy
expressions are obtained. This, together with the couplings
of the resonances c(2595) and c(2625) to DN and D∗N
obtained before in a full coupled channel approach, includ-
ing DN and D∗N , allows us to obtain the decay rates up to
an unknown global factor related to the matrix element of
the radial wave functions of the b and c quarks. The ratio of
rates is then a prediction of the theory and is in good agree-
ment with experiment within experimental uncertainties. We
could also obtain the ratio of rates for b → D−s c(2595)
and b → D−s c(2625), which are not measured so far. We
also made estimates of the branching fractions for these two
latter decays, not only their ratio.
One of the important findings of the work was the rele-
vance of the D∗N component in c(2595), which was over-
looked in early work studying these resonances. We found
that D∗N had a strength similar to that of the DN compo-
nent and was essential to have good agreement with exper-
iment. Also, the relative sign of the coupling of c(2595)
to DN and D∗N was of crucial importance. An opposite
sign to the one that we obtain leads to large cancellations
of b → π−c(2595), such that there would be an abso-
lute disagreement with the data. We also showed that the
contribution of the Ds, D∗s  channels is relatively small,
but it helps improve the agreement with the experimental
results.
The mixture of pseudoscalar-baryon and vector-baryon
states in coupled channels is catching up [25,26,39–42] and,
as done in the present work, it would be interesting to find
similar reactions that make evident the relevance of this mix-
ing.
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